Despite extensive study, the mechanisms of cell fate choice upon p53 activation remain poorly understood. Using genome-wide shRNA screening, we recently identified the ATM kinase as synthetic lethal with Nutlin-3, an MDM2 inhibitor that leads to non-genotoxic p53 activation. Here, we demonstrate that while this synthetic lethal interaction relies upon components of both the intrinsic and extrinsic apoptotic pathways (e.g., BAX and BID), it is not due to significant ATM effects on the expression of p53 target genes. Instead, loss of ATM activity results in increased mitochondria and reactive oxygen species that drive apoptosis. Finally, we provide evidence that pharmacologic inhibition of ATM blocks autophagy in direct opposition to p53, which activates this process, and that inhibition of autophagy is sufficient to elicit an apoptotic response when combined with Nutlin-3.
Introduction
The tumor suppressor p53 is a master regulator of the cellular response to stress. It is activated in response to a wide range of cellular insults, from oncogene activation to DNA damage, driving in turn diverse cellular outcomes such as cell cycle arrest and apoptosis. [1] [2] [3] This inherent pleiotropy has prevented a full understanding of the role of p53 in cell fate choice and hinders the development of effective p53-based therapeutics. Although TP53 is mutated in approximately 50% of human cancers, the remaining 50% inhibit p53 by other mechanisms such as MDM2 amplification, making wild type p53 an attractive target for therapeutic intervention. 4 Nutlin-3 is a small molecule inhibitor of MDM2, the cognate E3 ubiquitin ligase for p53, that effectively stabilizes and activates p53 without the genotoxic effects of traditional chemotherapeutics. 5 Unfortunately, owing to the pleiotropy associated with p53 activation, Nutlin-3 only triggers apoptosis in a small fraction of cancer cell types, and instead activates a reversible and therapeutically undesirable cell cycle arrest in the majority of cell lines tested. 6 We recently reported a genome-wide Synthetic Lethal with Nutlin-3 shRNA screen to identify genes whose activity protects cells from Nutlin-3-induced cell death. 7 We found that genetic or pharmacologic ablation of ATM kinase activity results in apoptosis in response to non-genotoxic p53 activation. Furthermore we demonstrated that this survival role of ATM is partially independent of its role in the DNA Damage Response (DDR), as knockdown of the damage sensor 53BP1 has no effect on the ability of the combination of Nutlin-3 and an ATM inhibitor (ATMi) to kill cancer cells. In fact, loss of 53BP1 increases relative viability in response to Nutlin-3. 7, 8 In light of increasing evidence for roles of ATM in various cellular homeostatic processes, we examined how ATM protects cells from apoptosis in response to non-genotoxic p53 activation. In this report, we present evidence that Nutlin-3 and ATMi synthetic lethality utilizes a canonical apoptotic pathway with partial requirements for the p53 target gene BAX as well as Caspase 8, but is not due to significant changes in p53 transactivation of arrest versus apoptotic genes. We also show that loss of ATM activity leads to an increase in levels of mitochondria and mitochondrial reactive oxygen species (ROS) and that these ROS are required for apoptosis. Finally, we show that inhibition of ATM leads to a block in autophagy and that blocking autophagy is sufficient to kill cells in response to Nutlin-3 treatment. These findings broaden our understanding of the role of ATM with respect to the p53 network and highlight a functional interaction that may be exploited therapeutically.
Results and Discussion
Loss of ATM activity induces p53-dependent cell death in a manner independent of changes in expression of p53 target genes Nutlin-3 and ATMi (KU-55933) synergize to induce apoptosis in a number of cancer cell types, including colorectal cancer cell lines, but do not kill non-transformed cells (Fig. S1) . 7 To explore the mechanism of Nutlin-3 and ATMi synthetic lethality, we began by examining the effects of each of these drugs individually or in combination on the expression of a panel of both pro-survival and prodeath p53 target genes in HCT116 cells. Although we previously demonstrated that the combination treatment did not affect transactivation of a few of the most prominent p53 target genes, we hypothesized that a number of additional targets may be responsible for the apoptotic phenotype. 7 Relative to Nutlin-3 treatment alone, combined treatment with Nutlin-3 and ATMi has no significant effects on the expression of a panel of 16 canonical direct p53 target genes with known pro-survival and pro-death functions (Fig. 1A) , suggesting that p53 transactivation is largely unaffected by ATM inhibition. Because ATM could be affecting expression of these genes at post-transcriptional steps, we next tested the expression levels of various pro-survival and pro-death proteins in response to the single or combination treatments. While many of these factors showed no change in their expression, levels of tBID and cleaved Caspases 3, 8, and 9 were increased in the combined treatment relative to either Nutlin-3 or ATMi alone (Fig. 1B) . We also observed greater increases in the expression of the proapoptotic proteins BAX and NOXA in response to combination treatment relative to either single agent despite the fact that there was no significant effect on the corresponding mRNA of these genes, BAX and PMAIP1 (Fig. 1A and B) . To test whether these alterations in gene expression are contributing to the synthetic lethal phenotype as opposed to indirect downstream effects, we compared BAX-/-cells to established HCT116 cell lines stably expressing a control shRNA or a NOXA-targeting shRNA. 9 While BAX-/-cells showed a partial rescue from apoptosis triggered by Nutlin-3 and ATMi combination treatment, NOXA knockdown had no significant effect (Fig. 1C) . HCT116 cell lines stably expressing shRNAs targeting BID and Caspase 8 were also tested to determine the roles of these proteins in Nutlin-3 and ATMi synthetic lethality. 9 Although both BID and Caspase 8 knockdowns partially blocked apoptosis in response to Nutlin-3 and ATMi, only BID knockdown had a statistically significant effect ( Fig. 1D and E) . These data indicate that inhibition of ATMi in the context of non-genotoxic p53 activation by Nutlin-3 results in an apoptotic response involving components of the extrinsic pathway and that this apoptosis is partially dependent on the p53 target gene BAX. They also demonstrate that this synthetic lethal interaction is not due to widespread effects of ATM inhibition on the p53 gene expression program.
Loss of ATM activity increases reactive oxygen species and mitochondria levels
The known cellular roles for ATM have expanded beyond the DDR in recent years to include functions as diverse as NF-kB signaling and the oxidative stress response. 10, 11 As we previously demonstrated that the synthetic lethality of ATM with non-genotoxic p53 activation by Nutlin-3 is partially independent of its role in the DDR; we next tested whether oxidative stress plays a role. To determine cellular levels of ROS upon treatment with Nutlin-3, ATMi, or the combination, cells were treated overnight and then probed with chloromethyl 2 0 , 7 0 -dichlorodihydrofluorescein diacetate (DCFDA), a cell-permeable indicator that fluoresces when oxidized. In fact, inhibition of ATM produces a marked increase in intracellular ROS levels, while the combination treatment exhibits a slightly smaller increase, possibly due to the loss from the population of cells with high ROS levels via apoptosis ( Fig. 2A) . A recent report implicated mitochondrial C and analysis via flow cytometry. (G) HCT116 cells stably expressing an shRNA targeting ATM were treated as indicated for 24 hours prior to MitoTracker Green analysis by flow cytometry. Data presented are average of at least 3 independent replicates C/¡ SEM. *P < 0.05, **P < 0.01. p53 in ROS generation, consistent with the minor increase in ROS we saw in HCT116 cells treated with Nutlin-3 alone. 12 In RKO cells, both ATMi-and combination-treated cells display significant increases in ROS levels (Fig. S2A) . To confirm that increased ROS levels were due to loss of ATM activity, we created HCT116 cells stably expressing an shRNA targeting ATM and compared their ROS levels to a non-targeting shRNA control cell line. Indeed, ATM knockdown cells display a substantial increase in ROS levels relative to the control cell line regardless of p53 activation status (Fig. 2B) . In order to more directly test the role of ROS in synthetic lethality, HCT116 cells were treated with the ROS scavenger N-acetyl cysteine (NAC) prior to Nutlin-3 and ATMi combination treatment and we observed that NAC prevented a complete apoptotic response indicating that ROS are required for this apoptotic response (Fig. 2C) . Interestingly, the MDM2 inhibitor RITA was recently shown to induce apoptosis via a mechanism that involves ROS generation, suggesting that this accumulation of ROS may be one of the key underlying differences in cell fate choice between RITA and Nutlin-3. 13 Next, we sought to determine the source of these ATMiinduced ROS by examining a major source of ROS production, the mitochondria. MitoTracker staining revealed that while Nutlin-3 treatment leads to a minor increase in mitochondria levels, both ATMi and combination treatments lead to significant increases in mitochondria (Fig. 2D) . ATM knockdown cells also display increased levels of mitochondria (Fig. 2E) . These data are consistent with reports that Ataxia Telangiectasia cells display defects in mitochondrial homeostasis.
14 Furthermore, treatment with Nutlin-3, ATMi, or the combination results in significantly increased levels of mitochondrial superoxide as measured with the MitoSox probe, which is also observed upon ATM knockdown ( Fig. 1F and G) . Combination treatment produced increases in both mitochondria and mitochondrial ROS in RKO cells as well ( Fig. S2B and C ).
p53-inducible antioxidant genes protect cells from ATM synthetic lethality
As a master regulator of the cellular response to stress, p53 controls a large transcriptional program often activating genes with seemingly opposite functions including both pro-and antioxidant genes, such as PIG3 (TP53I3) and TIGAR (C12ORF5), respectively. To determine what role, if any, several well documented p53 target genes play in the cellular response to Nutlin-3, ATMi or the combination treatment, we performed Q-RT-PCR to determine the effects of the various treatments on the expression levels of the antioxidant genes C12ORF5, SESN1, SESN2, and TP53INP1, and the pro-oxidant gene TP53I3. Although there were no significant changes in expression of any of these genes, there were very minor decreases in induction of C12ORF5, TP53I3 and TP53INP1, relative to Nutlin-3 single agent treatment (Fig. 3A) . Interestingly, there was no effect of ATMi on the induction of any of the genes tested, indicating that the increases in cellular ROS were not due to changes in expression of these genes. Next, we tested whether reducing the expression of the anti-oxidant p53 target genes TP53INP1, SESN1, or SESN2, could promote apoptosis. Indeed, knockdown of the p53 target gene TP53INP1, an antioxidant of poorly characterized function, leads to a greater increase in apoptosis in response to Nutlin-3 and ATMi combination treatment than a control cell line (Fig. 3B) . 15 We also examined the effect of Sestrin knockdown on combination-treated cells. The Sestrin genes function as antioxidants by regenerating peroxiredoxins, enzymes tasked with peroxide metabolism. [16] [17] [18] Although knockdown of SESN1 significantly increased levels of apoptosis in response to combination treatment, knockdown of SESN2 had a much more modest effect, indicating that these 2 genes may have non-redundant functions (Fig. 3C and D) . These data together with those presented previously demonstrate that ROS generated by the combination treatment are driving the apoptotic response and provide evidence that while p53 is required for this process, it may at the same time protect from a full apoptotic effect by increasing the expression of antioxidant genes.
Inhibition of ATM blocks autophagy
To further investigate the mechanism of ATMi and Nutlin-3 synthetic lethality, we focused on a cellular process that could contribute to accumulation of both mitochondria and ROS. Autophagy is the process by which the cell removes damaged organelles, a potential byproduct of high levels of intracellular ROS, and both p53 and ATM have been shown to regulate autophagy. [19] [20] [21] Interestingly, p53 and ATM both have paradoxical roles in the activation and repression of autophagy. Nuclear p53 transactivates a number of pro-autophagy genes such as DRAM1, while accumulation of cytoplasmic p53 blocks autophagy. 22, 23 Additionally, p53 has been shown to inhibit mTOR to repress cellular senescence, and such inhibition of mTOR can also activate autophagy. [24] [25] [26] [27] In response to ROS, ATM acts through TSC2 to induce autophagy, though there have been reports that inhibition of ATM activates autophagy as well. 28, 29 We hypothesized that a blockage in autophagy could result in accumulation of mitochondria and ROS. To determine what effects non-genotoxic activation of p53 with Nutlin-3 and inhibition of ATM have on autophagy in HCT116 cells, we examined the levels of several proteins that are markers of autophagic flux. 30 Indeed, the levels of the autophagic adaptor protein, p62/ SQSTM1, are increased when cells are treated with ATMi or the combination, consistent with a decrease in autophagic flux, and show a modest decrease upon Nutlin-3 treatment (Fig. 4A) . 31 Similarly, Nutlin-3 treatment results in an increase in the ratio of lipidated LC3B (LC3B-II) to full length LC3B (LC3B-I) indicating an increase in autophagic flux ( Fig. 4A; Fig. S3A) . 30, 32 Inhibition of ATM results in an increase in both LC3B-I and LC3B-II, however the ratio of the 2 is the same as for DMSO-treated cells, indicating a later stage blockage in autophagy ( Fig. 4A;  Fig. S3A) . Treatment of cells with Nutlin-3 and ATMi simultaneously results in an increase in LC3B-II and a ratio of LC3B-II: LC3BI that falls in between that of DMSO or Nutlin-3 single agent treatment ( Fig. 4A; Fig. S3A ). Analysis of p62/SQSTM and LC3B levels in RKO colorectal carcinoma cells yielded similar results (Fig. S3B) . To confirm the effects of p53 activation and ATM inhibition on autophagy, we analyzed LC3 localization by immunofluorescence after 24 hours of treatment. DMSOtreated HCT116 cells displayed very low levels of LC3 punctae, which are indicative of autophagosome formation, while Nutlin-3-treated cells showed numerous defined LC3 punctae indicating activation of autophagy (Fig. 4B) . 30 Inhibition of ATM, however, resulted in aggregation of LC3 and a partial colocalization with the mitochondrial marker COX IV, consistent with a blockage in autophagy (Fig. 4B) . Taken together, these data indicate that ATM activity promotes basal autophagy. To test whether autophagy protects from p53-dependent cell fate choice, we inhibited autolysosome turnover with chloroquine and found that this was sufficient to induce apoptosis in Nutlin-3-treated cells (Fig. 4C) . Finally, to define whether there is a role for mitophagy in Nutlin-3 and ATMi synthetic lethality, we knocked down the selective mitophagy receptor BNIP3 and tested the effects of Nutlin-3 on these cells. [33] [34] [35] Indeed, we found that depletion of BNIP3 was sufficient to induce apoptosis in response to Nutlin-3 treatment (Fig. 4D) .
We previously reported that inhibition of ATM is synthetic lethal with non-genotoxic activation of p53, however, the mechanism of this interaction remained unclear. Here we report that loss of ATM activity results in an increase in mitochondria and ROS and that these ROS are drivers of the synthetic lethality. We also show that ATM and p53 have synergistic roles in the regulation of autophagy, with both proteins promoting an increase in mitochondrial flux. These data indicate a role for ATM in regulation of mitochondrial homeostasis and oxidative stress that prevent cells from undergoing apoptosis in response to non-genotoxic p53 activation. Of note, the ability of p53 to inhibit mTOR, which can block autophagy, thus affecting both mitochondria and ROS production, may also contribute to the synthetic lethality of combination of ATM inhibition and Nutlin-3. [24] [25] [26] [27] While these findings shed new light on the functional interaction between p53 and ATM, they are also interesting in the light of combinatorial therapeutics. By studying mechanisms of synthetic lethality, we may uncover pharmacologically actionable targets not strictly identified by high throughput screening, thus highlighting novel therapeutic interventions. Lentiviral production 2 mg of pLKO target vector (Table S3 ) and 2 mg of a 9:1 ratio of pMISSIONgagpol (Sigma-Aldrich, http://www. sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma-Aldrich/ Vector/1/pmissiongagpol.pdf) and pMISSIONvsvg (SigmaAldrich, http://www.sigmaaldrich.com/content/dam/sigma-aldrich/ docs/Sigma-Aldrich/General_Information/1/pmissionvsvg.pdf) were incubated with 12 mg of Polyethylenimine (Polysciences, Inc., http://www.polysciences.com/Catalog/Department/Product/ 98/categoryid-505/productid-1577/)for 15 minutes at RT prior to addition to HEK293FT cells. Media was changed 14 hours post-transfection. Target cells were transduced 48 hours later by filtering viral supernatant through a 0.45 mm cellulose acetate filter (VWR, https://us.vwr.com/store/catalog/product.jsp? product_idD4830563) directly onto them and incubating with 16 mg of polybrene for 16 hours (Sigma-Aldrich, http://www. sigmaaldrich.com/catalog/product/sigma/107689). Cells were then selected with 10 mg/mL puromycin (Sigma-Aldrich, http:// www.sigmaaldrich.com/catalog/product/sigma/p8833).
Materials and Methods
Western blots, Q-RT-PCR, and flow cytometry Were performed as previously described. 36 Oligonucleotide sequences used in this study are listed in Table S1 . Antibodies used in this study are listed in Table S2 . Western blots were imaged with an ImageQuant LAS4000 and ImageQuant software. Ratios of LC3B-II/LC3B-I were calculated using ImageJ software.
Microscopy HCT116 cells were grown on coverslips and treated as described for 24 hours prior to fixation in ice-cold 100% methanol at ¡20 C for 15 minutes and wash 3X for 5 minutes in 1X PBS. After 60 minutes blocking, cells were incubated with the indicated antibody in Antibody Dilution Buffer (1X PBS/ 1% BSA/ 0.3% Triton-X 100) O/N at 4 C. Cells were washed 3X for 5 minutes in 1X PBS and incubated with fluorescently conjugated secondary antibodies for 2 hours at RT in Antibody Dilution Buffer. After a final 3X wash in 1X PBS cells were mounted on slides using Fluoromount (Sigma-Aldrich, http://www. sigmaaldrich.com/catalog/product/sigma/f4680). Images were acquired using an Olympus IX71 inverted microscope with an Olympus DP73 digital camera. Images were analyzed using ImageJ.
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